[1] Biogeochemical reactions associated with stream nitrogen cycling, such as nitrification and denitrification, can be strongly controlled by water and solute residence times in the hyporheic zone (HZ , and hydraulic transport parameters (head, flow rates, flow paths, and residence time distributions) of the reach and along HZ flow paths of an instrumented gravel bar. HZ exchange was observed across the entire gravel bar (i.e., in all wells) with flow path lengths up to 4.2 m and corresponding median residence times greater than 28.5 h. The HZ transitioned from a net nitrification environment at its head (short residence times) to a net denitrification environment at its tail (long residence times). NO 3 − increased at short residence times from 0.32 to 0.54 mg-N L −1 until a threshold of 6.9 h and then consistently decreased from 0.54 to 0. ). The rates of the DO and DOC removal and net nitrification were greatest during short residence times, while the rate of denitrification was greatest at long residence times.
[1] Biogeochemical reactions associated with stream nitrogen cycling, such as nitrification and denitrification, can be strongly controlled by water and solute residence times in the hyporheic zone (HZ). We used a whole-stream steady state 15 N-labeled nitrate ( 15 NO 3 − ) and conservative tracer (Cl − ) addition to investigate the spatial and temporal physiochemical conditions controlling the denitrification dynamics in the HZ of an upland agricultural stream. We measured solute concentrations ( 15 NO 3 − , 15 N 2 (g), as well as NO 3 − , NH 3 , DOC, DO, Cl − ), and hydraulic transport parameters (head, flow rates, flow paths, and residence time distributions) of the reach and along HZ flow paths of an instrumented gravel bar. HZ exchange was observed across the entire gravel bar (i.e., in all wells) with flow path lengths up to 4.2 m and corresponding median residence times greater than 28.5 h. The HZ transitioned from a net nitrification environment at its head (short residence times) to a net denitrification environment at its tail (long residence times). NO 3 − increased at short residence times from 0.32 to 0.54 mg-N L −1 until a threshold of 6.9 h and then consistently decreased from 0.54 to 0.03 mg-N L −1 . Along these same flow paths, declines were seen in DO (from 8.31 to 0.59 mg-O 2 L −1
) and DOC (from 3.0 to 1.7 mg-C L
−1
). The rates of the DO and DOC removal and net nitrification were greatest during short residence times, while the rate of denitrification was greatest at long residence times. 15 NO 3 − tracing confirmed that a fraction of the NO 3 − removal was via denitrification as 15 N 2 was produced across the entire gravel bar HZ. Production of 15 N 2 across all observed flow paths and residence times indicated that denitrification microsites are present even where nitrification was the net outcome. These findings demonstrate that the HZ is an active nitrogen sink in this system and that the distinction between net nitrification and denitrification in the HZ is a function of residence time and exhibits threshold behavior. Consequently, incorporation of HZ exchange and water residence time characterizations will improve mechanistic predictions of nitrogen cycling in streams.
Introduction
[2] Surplus nitrogen adversely affects aquatic systems, contributing to extensive surface and groundwater degradation, which is a persistent and growing global problem [Schlesinger et al., 2006; Diaz and Rosenberg, 2008] . Stream ecosystems can be important locations of N retention along the continuum between terrestrial and ocean environments. Research has established that headwater and midnetwork streams are most effective at regulating downstream nitrogen exports [Peterson et al., 2001; Alexander et al., 2000; Mulholland et al., 2008] . These same small streams are also where stream-groundwater (hyporheic, HZ) flux is greatest relative to surface flux [Anderson et al., 2005] . Previous work clearly shows that HZ exchange can regulate nitrogen Wondzell and Swanson, 1996; Hill and Lymburner, 1998 ]. However, the linkages between HZ hydrology and stream nitrogen export are poorly understood and there is no clear mechanistic representation of HZ controls on nitrogen flux through streams [Duff and Triska, 2000; Böhlke et al., 2009] . Hence, there is a need to quantify the coupling of HZ hydrology and biogeochemical conditions and their role in creating stream nitrogen sources and sinks. Until the linkages between HZ hydrology and nitrogen biogeochemistry are established, it will be unclear how the HZ influences nitrogen dynamics at reach and catchment scales. In this study we move toward this mechanistic understanding of nitrogen fate and transport by 1 observing and relating the HZ residence timescales to N transformations.
[3] There are many processes that temporarily remove or relocate inorganic N from stream water (e.g., sorption onto substrate, assimilation into plants or microbes), but denitrification is the primary mechanism by which inorganic N is permanently removed from the stream system. Consequently, denitrification has been the source of significant research because of its potential role in regulating the downstream transport of inorganic N. Denitrification in streams is primarily regulated by redox conditions, NO 3 − concentrations, and labile dissolved organic carbon (DOC) availability Duff et al., 1996; Baker et al., 1999] . The HZ is known to create strong gradients in each of these conditions regulating nitrogen cycling [Triska et al., 1993; Jones and Holmes, 1996; Hill and Lymburner, 1998; Hedin et al., 1998 ]. Consequently, the HZ has been identified as a potential hot spot for denitrification in aquatic systems [McClain et al., 2003] . However, the HZ is not simply a net sink (via denitrification), it can also be a source (via nitrification) of nitrate where ever nitrification exceeds denitrification [Jones et al., 1995] . The nitrate produced in the HZ can fuel primary production in surface waters [Valett et al., 1994; Henry and Fisher, 2003] .
[4] The role each HZ plays in regulating downstream nitrogen export is variable in space and time [e.g., Wondzell and Swanson, 1996] . This is due to the temporal and spatial variation in substrate and transport limitations on nitrogen transformations. For example substrate limitations acting on denitrification, such as the type and quantity of nitrogen and DOC entering the HZ, can vary significantly in time (e.g., seasonally [Kaplan and Newbold, 2000] ). On the other hand, physical transport conditions of the HZ, which are a function of energy gradients and hydraulic conductivity, will regulate the rate at which nitrogen, dissolved oxygen (DO), and DOC are supplied to the sediment [Baker et al., 2000] . For example, DO exerts a strong control on nitrogen dynamics in the HZ, and research has shown that DO dynamics are related to water residence time in the HZ [Triska et al., 1993; Findlay, 1995; Valett et al., 1996; Morrice et al., 2000] . Recently, research has started to integrate physical transport and biogeochemical approaches to assess HZ denitrification as a function of HZ residence time [e.g., Gu et al., 2007; Clilverd et al., 2008; Pinay et al., 2009] . The use of 15 N tracers has also advanced our understanding of aquatic N cycling. Böhlke et al. [2004 Böhlke et al. [ , 2009 and Mulholland et al. [2004 Mulholland et al. [ , 2008 demonstrated the usefulness of the field 15 N tracer approach for determining denitrification rates of streams at the reach scale. Böhlke et al. [2004 Böhlke et al. [ , 2009 , in particular, showed that the key sources of uncertainty in measuring reach denitrification with traditional mass balance approaches, nitrification and nitrate uptake, can be accounted for with the use of 15 N tracer approach. Although many advances about nitrogen cycling in streams have resulted from this 15 N tracer work, these studies were unable to account for the entire nitrogen budget in streams. Böhlke et al. [2004] and Mulholland et al. [2004 Mulholland et al. [ , 2008 suggest that a portion of the unaccounted for nitrogen may be due to benthic and hyporheic nitrogen retention and removal processes. Recently, Böhlke et al. [2009] − tracing techniques characterize HZ denitrification and that the conditions conducive to net denitrification vary with subsurface residence times. Ultimately, relating HZ denitrification controls to residence times will help to upscale denitrification measurements to reach and network scales in a way that is linked quantitatively to transient storage.
Methods

Study Site
[6] The study site consists of a 303 m reach containing an instrumented gravel bar hyporheic zone on Drift Creek (Figure 1a) , a third-order stream within the Willamette River basin in western Oregon, USA (44.9753°N, 122.8259°W). The drainage area above the study reach is 6517 ha, and has mixed land use dominated by agriculture (lower catchment) and forestry (upper catchment) . The catchment population is predominantly rural with septic systems, another potential source of N in the study stream. Annual precipitation is 1190 mm and comes primarily during the winter as rain. Base flow discharge gradually decreases to an annual minimum (<50 L s −1 ) in early September. The study reach was modified by channelization in the past, as were many of the streams in this agricultural region. The channelized stream is incised into competent bedrock consisting of andesite flow breccias and is now separated from an active floodplain. The incised active channel is 10-20 m wide and is bounded by steep banks 3-5 m high. The alluvial thickness above bedrock (as depth to refusal) varies from 0 to ≥ 1.5 m. Consequently, the reach has a limited and constrained hyporheic zone. The study reach has a slope of 0.007 m m −1 and the morphology is primarily a planebed channel with occasional pool-riffle sequences (see Montgomery and Buffington [1997] for definitions of channel types). The streambed consists of poorly sorted sand, gravel, cobbles, and boulders.
[7] The hyporheic zone study site is a lateral gravel bar approximately 6.1 m by 4 m (Figure 1b ). This gravel bar is adjacent to a riffle on one side and connected to the bedrock channel bank on the other side. The gravel bar separates two pools and spans a head loss across the riffle of 0.13 m. The alluvium comprising this gravel bar was uniformly 1.2 m thick. The observed and modeled subsurface exchange across this gravel bar primarily occurs along lateral flow paths from the head to the tail of the bar (Figure 1b ). This gravel bar was instrumented with a well network (n = 11) of 3.8 cm I.D. schedule 40 PVC wells screened 0.2-0.4 m below ground surface. Chloride (Cl − ) tracer tests conducted prior to the experiment demonstrated that all wells were connected to stream water and that well water originated from the stream and not from the groundwater aquifer. This lack of groundwater inflows reduces the uncertainty of 15 N tracing interpretation in this HZ system; groundwater inflow of nitrogen is a common source of uncertainty seen in other systems [e.g., Böhlke et al., 2004] . Background stream and hyporheic biogeochemistry are presented in [9] Electrical conductivity was used to measure the realtime Cl − transport through the stream and hyporheic zone. The electrical conductivity measurements were taken every 60 s in all 11 wells and in the stream water at the head and tail of the gravel bar. These electrical conductivity measurements were made with 13 multiplexed, in situ, CS547A conductivity and temperature probes connected to a CR1000 (Campbell Scientific, Logan, Utah, USA). The Cl − transport at the end of the experimental reach was captured via automated sampling every 10 min until plateau and then every 2 h during plateau (ISCO model 3700, Lincoln, Nebraska, USA) and subsequently field measured with an electrical conductivity meter (YSI model 63, Yellow Springs, Ohio, USA). These electrical conductivity measurements were used to characterize the solute transport dynamics including flow rates, flow paths, and residence times as well as to inform the timing of the sampling regime described below.
[10] The water sampling regime consisted of collecting multiple rounds of stream and hyporheic samples during the two phases of the experiment: preinjection and plateau (steady state). For each location (11 wells plus stream water at the gravel bar head), repeated sampling occurred during the preinjection (n = 3) and plateau (n = 5) periods (Figure 2 ). The plateau sampling period was initiated at 22.5 h after injection when all hyporheic wells demonstrated near steady state electrical conductivity. Repeated hyporheic samples were collected approximately every 1 h during the plateau period.
[11] Water samples were collected for key solute concentrations and d , and specific ultraviolet absorption (SUVA 254 ). Hyporheic well samples were collected with a field peristaltic pump (Masterflex L/S, Vernon Hills, Illinois, USA) [Woessner, 2007] . All water samples were immediately filtered through ashed Whatman GF/F glass fiber filters (0.7 mm pore size) into acid washed HDPE bottles (60 mL for nutrient chemistry and 1 L for 15 N isotope samples). Following filtering, nutrient chemistry samples and isotope samples were stored on ice in the field and later refrigerated at 4°C or frozen in the laboratory until processed and analyzed. DO concentrations were measured in situ with a calibrated YSI DO Meter (Model 52) at all locations prior to collecting each round of samples. Samples were also collected for d 15 N 2 O (g), but were unable to be analyzed due to technical problems at the stable isotope laboratory. However, denitrification in freshwater and nearshore marine system sediments consists almost entirely of N 2 production with N 2 O/N 2 production ratios generally between < 0.001 and < 0.05 [Seitzinger, 1988; Mulholland et al., 2004] , so 15 N 2 by itself is capable of characterizing the majority of the denitrification dynamics.
[12] The 15 N gas collection for each sample occurred in the field and followed procedures adapted from Hamilton and Ostrom [2007] . A peristaltic pump was used to collect 80 mL water samples into a 140 mL plastic syringe (BectonDickinson, Franklin Lakes, NJ, USA) fitted with stopcocks. All visible bubbles were expelled so that there was no headspace. To avoid any atmospheric N contamination, sample syringes were submerged under water in a processing tub kept at stream temperature. An underwater transfer of 40 mL high purity He was added to each sample syringe. Sample syringes were then gently shaken for 10 min to permit equilibration of the N 2 (g) into the He headspace. Following equilibration, approximately 14 mL of headspace gas was then injected into preevacuated 12 mL exetainers (Labco Limited, Wycombe, UK). Exetainers were preevacuated by pumping them down to a pressure of <50 mTorr using a Welch vacuum pump (Model DirectTorr 8905, Skokie, Illinois, USA) and then stored underwater in He purged DI water-filled centrifuge tubes until sample collection. Sample-filled exetainers were then returned to their zero headspace He purged DI water-filled centrifuge tubes for storage until analysis.
[13] Following the experiment (5-6 Sept. 2007) and during similar stable low flow conditions, we collected detailed thalweg surface water and channel surface topography data for the reach using a Topcon total station (Model GTS-226, Livermore, California, USA) and standard surveying methods with spatial resolution of x ≤ 1 m, y ≤ 1 m, z ≤ 0.01 m for the greater reach and x ≤ 0.1 m, y ≤ 0.1 m, z ≤ 0.005 m for the instrumented gravel bar site.
Laboratory Procedures
[14] Stream and hyporheic samples were analyzed for NO 3 − , NH 3 , DOC, and Cl − at the Cooperative Chemical Analytical Laboratory (Corvallis, Oregon, USA). The NO 3 − and NH 3 measurements were made by a Technicon AutoAnalyzer II. The NO 3 − and NH 3 nutrient analyses were performed following standard colorimetric methodology and had detection limits of 0.001 mg L −1 and 0.01 mg L −1 , respectively. The concentration of total DOC was determined with a Shimadzu TOC-VCSH Combustion Analyzer (Tokyo, Japan; detection limit = 0.05 mg L −1 ). The Cl − was determined by ion chromatography (Dionex 1500, Sunnyvale, California, USA; detection limit = 0.01 mg L −1 ). SUVA values were determined by dividing the UV absorbance measured at l = 254 nm by the DOC concentration and are reported in the units of liter per milligram carbon per meter [Weishaar et al., 2003] .
[ samples with blanks and standards were processed in the following manner. First, a volume of each sample (0.25-1 L; processing volume is dependent on N content of each sample) was stripped of its dissolved NH 4 + and had its NO 3 − concentrated. Second, the concentrated sample NO 3 − was captured on a prepared filter via a reduction/diffusion/sorption Figure 2 . The stream at gravel bar and representative distal HZ well (K2) electrical conductivity (EC) breakthrough curves showing the timing of the repeated preinjection and plateau sampling events. Gaps in well EC data represent times when EC probes were disturbed via sampling. 
Parameter Calculations
[16] Electrical conductivity breakthrough curves (as a measure of Cl − transport) at the head of the gravel bar and in each well were used to measure the median residence time of the study reach and the HZ water in each well. The median residence time was calculated as the time required to raise the EC in the well to one half the plateau concentration. In the case of the wells, median residence times were calculated based on the observed Cl − arrival at the gravel bar, not the start of the injection.
[17] To estimate reactive solute transport through and removal by the HZ, we compared the observed NO 3 − , NH 3 , DO, and DOC concentrations to the conservative tracer concentrations at steady state conditions [after Morrice et al., 2000] . In the absence of biological or chemical removal, the reactive compounds and Cl − transport should be identical. Based upon this assumption, we calculated the NO 3 − , NH 3 , DO, and DOC concentrations according to the measured Cl − concentrations observed at each well:
where, R is the solute concentration of interest (NO 3 − , NH 3 , DO, or DOC), C is the conservative tracer concentration (Cl − ), and subscripts pred, inj, x, t represent predicted well concentration at plateau, injection concentration in the stream, well location, and sample time period, respectively. We then calculated the difference between the measured and predicted reactive solute concentrations for each well during the plateau conditions. Reactive solute removal occurs when the observed concentration is less than the predicted concentration and production occurs when the observed concentration is greater than the predicted concentration.
Results
Stream Hydrology and Chemical Conditions During Experiment
[18] Streamflow conditions were relatively stable over the experiment with a mean flow of 22 L s −1 and a variance of ± 2.2 L s −1 . This variance in flow did not create any measurable change in the stage of the stream along the reach, near the gravel bar, or in the heads of the gravel bar wells. Surveying of channel topography and geometry yielded a reach mean depth, d, of 0.23 m and a mean wetted width, w, of 5.21 m. Repeated measurements of the head at wells (before plateau sampling disturbances) reflected stable surface water elevations as there was no detectible variation during the experiment. Stream and HZ water temperature ranged between 14.1 and 16.5°C during the injection period. Measured surface water nutrient and chemistry conditions were stable across the experiment and did not show diel patterns with NO 3
, and pH (6.65-6.85). (Figure 4a ) and the mean DOC decreased from 3.01 to 1.7 mg-C L −1 (Figure 4d ). The DOC SUVA 254 concentrations were more spatially variable than DOC, indicating that different locations within the HZ had different quantities of aromatic DOC (Figure 4d , contour map), but did generally decrease along flow paths (3.22 to 0.94 L mg-C −1 m −1 ). Along flow paths, DO and DOC removal rates were largest in the first 2 m of the flow paths but continued across the entire gravel bar. In contrast, the N species did not consistently decrease along flow paths. Nitrate increased at the proximal end of the flow paths (<0.55 m) from 0.34 to 0.54 mg-N L −1 and then decreased along the remainder of the flow paths from 0.54 to 0.02 mg-N L −1 (Figure 4b ). Similarly, NH 3 increased from 0.02 to 0.11 mg-N L −1 at the proximal end of the flow paths and then decreased from 0.11 to 0.01 mg-N L −1 along the remainder of the flow paths (Figure 4c) .
Spatial Dynamics of Hyporheic Transport and N Transformation Conditions
[20] Tracing of 15 NO 3 − confirmed that a fraction of the NO 3 − removal was via denitrification as 15 N 2 was produced across the entire gravel bar HZ (Figure 4f ). Production of 15 N 2 occurred along all portions of the flow paths, even portions characterized by net nitrification (elevated NO 3 − and NH 3 ). Importantly, there was no consistent spatial gradient in the 15 NO 3 enrichment from proximal to distal ends of the HZ flow paths (Figure 4e enrichment is a function of steady state hydrologic and biological conditions. The gravel bar plateau 15 NO 3 − enrichment ranged from 4 260‰ (well I3) to 6 805 (well J2), while the stream water ranged from 9 935 to 10 092‰.
Temporal Dynamics of Hyporheic Transport and N Transformation
[21] Tracing Cl − transport through the HZ generated median residence times ranging from 3.8 to 28.5 h (Figure 3) . The shortest residence times were generally associated with the head of the gravel bar while the longest were located at the tail of the gravel bar. However, the longest median residence time (28.5 h) was observed at a midbar well, J1. Comparison of residence times to measured biogeochemical conditions ( Figure 5 ) indicates that residence times less than 6.9 h were associated with a net dominance of oxic conditions and aerobic microbial processes (O 2 respiration and nitrification) while residence times beyond 6.9 h were associated with a net dominance of hypoxic-anoxic conditions and anaerobic microbial processes (denitrification). More specifically, the greatest rates of DO, DOC, and SUVA 254 reduction corresponded with the greatest rates of NH 3 and NO 3 − production ( Figure 5 ), all of which cooccurred during the first 6.9 h of observed transport. Beyond 6.9 h of residence time, DO, DOC, and SUVA 254 continue to decrease gradually to a minimum of 0
, and 0.94 L mg-C −1 m −1 , respectively. Further, SUVA 254 indicates that the highest fraction of labile DOC occurred when residence times were smallest, and that labile DOC was largely depleted by the time water attained larger residence times (Figure 5d ).
[22] The concentration of 15 N 2 increased along proximal portions of flow paths with residence times < 3.8 h, reaching a peak at the most distal portions of the flow paths where residence times exceeded 22 h (Figure 5f ). The concentration of NO 3 − (mg-N L −1 ) also increased along the proximal portions of flow paths where residence times were less than 6.9 h, indicating concurrent nitrification and denitrification throughout the proximal portion of the gravel bar ( Figure 5 ). Increases in NH 3 were concurrent with consumption of DO and DOC (Figure 6 ). Comparison of DO and DOC concentrations with the conservative transport of Cl − demonstrates that DO and DOC show net loss over all residence times (Figure 6) . Conversely, NH 3 shows net production until the very longest residence time of 28.5 h when it shows net loss, while NO 3 − shows net production until 18.2 h followed by net loss.
Discussion
[23] We utilized a whole-stream steady state 15 NO 3 − and conservative tracer (Cl − ) addition to observe spatial and temporal hydraulic and physiochemical conditions controlling NO 3 − dynamics in a HZ. Our results illustrate that nitrification and denitrification: (1) create nonlinear NO 3 − dynamic along HZ transport, (2) are not exclusively segregated processes in space and time, and (3) are strongly controlled by water and solute residence times in the HZ. From these findings we are able to confirm and build upon earlier conceptual frameworks [Jones and Holmes, 1996; Valett et al., 1996; Hedin et al., 1998 ] that relate HZ nitrification and denitrification dynamics along flow paths and with residence times.
Spatial and Residence Time Dynamics of Hyporheic N
[24] Nitrate production versus removal can be site-and scale-dependent, and the hyporheic biogeochemistry in our study shows general spatial patterning in net N transformation processes consistent with earlier studies [e.g., Holmes et al., 1994; Pinay et al., 1994; Holmes et al., 1996] . The upgradient end of the HZ flow paths is dominated by oxic conditions and is a net NO 3 − production hot spot, while the middle and downgradient parts of the flow paths are anoxic and are a net NO 3 − removal hot spot (Figure 4) . At the scale of the entire gravel bar, however, this HZ is a net NO 3 − removal hot spot for the stream. In contrast, other, smaller HZ units in the stream may be production hot spots because of their shorter flow paths and residence times. The residence time can be used to mark where this HZ turns from one redox condition to another: from net NO 3 − production to net NO 3 − removal (Figure 7 ). In this HZ, a water residence time of 6.9 h marks the threshold that separates these conditions. This observed threshold supports the HZ N transformation conceptual framework put forth by Jones and Holmes [1996] and Hedin et al. [1998] . The creation of this residence time threshold is complex and is a function of: (1) HZ water temperature (as it controls microbial activity and DO in water), (2) concentration of DO across the HZ (controlled by biological oxygen demand and advected supply), (3) HZ DOC supply and quality, (4) amount of NO 3 − in the HZ system, and (5) the physical hydraulics subsumed in the physical residence time of water (e.g., head gradient, hydraulic conductivity, advection, and dispersion).
[25] As shown in Figure 7 , at times shorter than the threshold, transport and substrate conditions promote mineralization of stream sourced DON or particulate organic matter and subsequent nitrification with denitrification (N 2 production) limited to microsite reactions [Sheibley et al., 2003] . As residence times increase, the extent of anaerobic water in the HZ grows and the effective nitrification rate decreases until its contribution to net NO 3 − production is negligible. At the threshold residence time, both processes are cooccurring and this is likely the location where the greatest rates of denitrification will be observed. Beyond the threshold, the HZ is dominated by net denitrification, and concentrations of both NH 3 and NO 3 − decrease rapidly as denitrification is not substrate (labile DOC) limited and NO 3 − production rapidly decreases. Finally, at much longer residence times, the rate of denitrification will decrease due to an increasing DOC substrate limitation and lack of NO 3 − , even though redox conditions remain appropriate to carry out denitrification.
[26] Similar nitrification-denitrification coupling has been observed in stream HZs where DON-rich anoxic groundwater flows into oxic stream sediments [e.g., Hedin et al., 1998; Sheibley et al., 2003] . The thermodynamic framework of Hedin et al. [1998] clearly illustrates that microbial redox processes, including nitrification-denitrification, will be tightly coupled in the riparian and hyporheic environments where solutes exchange across oxic-anoxic boundaries. Our study illustrates this tight coupling occurs in space and time as shown by the spatial distribution of N species (Figure 7 ). This suggests that a thermodynamic approach is useful and should be coupled to physical transport dynamics in order to better understand the spatial and temporal distribution of different hyporheic redox environments.
[27] Earlier studies [e.g., Valett et al., 1996; Pinay et al., 2009] indicate that biologically mediated N fluxes through the HZ are explicitly a function of HZ flow path length and implicitly a function of residence time (i.e., space for time [see Jones and Holmes, 1996, and references therein] ). In this study, 15 N tracing explicitly shows that there is a relationship between N fluxes and HZ residence time. Earlier studies by Valett et al. [1996] and Pinay et al. [2009] collected measures of HZ solute transit times during their N addition experiments and found that NO 3 − uptake and denitrification were the dominant N transformations processes. However, they did not observe the coupling of nitrification and denitrification (i.e., nitrification preceding denitrification along increasing residence times). In their studies, NO 3 − uptake and denitrification processes occurred across all measured transport times achieving maximums during the first 1.7 h of travel time. Conversely, our study shows a different N removal pattern, one that is more complex, with nitrification occurring at short residence times and denitrification at late residence times (Figures 6 and 7) . A main difference between our study and these earlier studies is the use of 15 NO 3 − to trace N dynamics under near ambient NO 3 − conditions. Valett et al. [1996] and Pinay et al. [2009] elevated NO 3 − concentrations in their HZ studies (6.4-to 24-fold NO 3 − increase, respectively). NO 3 − transformations are concentration-dependent, and elevated NO 3 − conditions can increase rates of HZ uptake and denitrification [Jones and Holmes, 1996] . Consequently, the use of 15 NO 3 − allowed us to observe different NO 3 − transformations under approximately ambient concentrations.
[28] In addition to NO 3 − removal via denitrification, bacterial assimilation is an important N retention process and may account for a significant fraction of the observed DOC and NO 3 − removal across the HZ. Following Sobczak et al. [2003] , using the observed DOC loss across the HZ = 1.35 mg-C L −1 , and assuming a microbial growth efficiency of 50% and a microbial C:N = 7:1, a potential 0.68 mg-C L −1 and 0.1 mg-N L −1 could be assimilated into microbial biomass. Under these assumptions, microbial assimilation can [29] DOC quantity and quality also clearly depend on residence time. This is expected given the role DOC plays as a substrate for the observed nitrification and denitrification. Previous work has demonstrated a strong positive relationship between DOC loss and bacterial productivity along hyporheic flow paths [Sobczak and Findlay, 2002] . The concurrent declines in DOC and DO concentration with increasing flow path length and residence times indicates strong aerobic metabolism in this gravel bar HZ. Similar observations of DOC declines were also seen along flow path length in the controlled mesocosm experiments of Sobczak et al. [2003] ; they found that the DOC dynamics were a function of rapid microbial utilization of the bioavailable fractions of the DOC followed by conservative transport of the unavailable DOC fraction. In this study, we are able to relate these DOC spatial dynamics to transport times. In doing so, we see the same conservative transport of the less labile fraction of the DOC at longer flow paths and residence times ( Figure 5d) ; however, some labile DOC must be present at later residence times to provide necessary substrate for denitrification.
The
N Tracing Shows Overlapping N Process Domains
[30] At the organismal level, microbial denitrification requires anoxic conditions. However, it is well known that denitrification can occur in anoxic biofilms within bulk conditions that are oxic [e.g., Holmes et al., 1996] . Hence, it is possible for denitrification and nitrification to proceed concurrently in a small volume of the HZ. Our observation of 15 N 2 production at wells exhibiting net NO 3 − production ( Figure 7) indicates that over short residence times the water has encountered denitrification microsites in less mobile pore water. When low-flow water samples were collected from wells, water and solutes were accessed from both mobile and immobile domains, as seen in other groundwater well sampling regimes [e.g., Harvey and Gorelick, 2000] . In the case of our study, at short residence times, the advection-dominated mobile domain likely supports the aerobic processes and the diffusion-dominated immobile domain supports anaerobic processes. In contrast, at long residence times both mobile and immobile domains become anoxic as the DO is utilized along the flow path. The use of 15 N tracing permitted us to see that a HZ water sample contains signals from multiple distinct N transformation domains. This overlapping domain complexity can be accounted for with a residence time distribution perspective, because the residence time distribution of sample volume integrates the Note that the conceptual model is overlaid on the observed steady state nitrification-denitrification species, dissolved organic carbon, and dissolved oxygen conditions: dissolved oxygen (DO, green circles), nitrate (NO 3 − , blue diamonds), ammonia (NH 3 , gray triangles), total dissolved organic carbon (DOC, orange squares), and d 15 N-dinitrogen (d 15 N 2 , red circles). Each data point represents the normalized mean values generated from repeated plateau samples (n = 5, error bars = ± 2 standard error, values were normalized by maximum observed concentration or 15 N enrichment).
effect of different process domains encountered during hyporheic transport (e.g., large subsurface heterogeneity and gradients created by advective-dispersive transport, mixing flow paths, or substrate patchiness).
[31] Future work should explore the role of these overlapping process domains in light of other possible explanations that we are unable to address with the current study. For example, labile DOC subsurface heterogeneity can also generate spatial and temporal N transformation heterogeneity. Another issue is that rapid localized redox condition changes could be created while drawing the low-flow water sample. During the sampling, an otherwise anoxic region in the HZ around the well may have more oxic water drawn into the well via the pumping of upgradient preferential flow paths. In this case, a denitrification signal from the anoxic pore waters surrounding the well will be combined with the upgradient waters properties such as higher DO concentrations and nitrification.
Conclusions
[32] Results from the coupled conservative and 15 N reactive tracer experiment provide definitive evidence of in situ denitrification occurring in the HZ. Further, the comparison between conservative tracer and reactive 15 N tracers enable us to relate the fate and transport of DO, DOC, and NO 3 − to water residence times. In this hyporheic zone, short residence times were dominated by aerobic metabolic processes such as the rapid utilization of DO and DOC and the production of ammonia and nitrate (ammonification and nitrification, respectively). However, a clear denitrification signal, concurrent in both space and time, was also observed during short residence times indicating anaerobic microsites. Beyond a residence time threshold of 6.9 h in this HZ, the anaerobic metabolic process of denitrification dominated the system, and resulted in a net removal of nitrate from the stream. Thus, this HZ was a hot spot for nitrogen transformation, where hot spots of nitrate production and removal were distinguished by residence time.
[33] In this gravel bar HZ, the combination of 15 N tracing with a relatively elegant, highly instrumented hydrologic system (Figure 1) , we see that residence time helps make N transformation relationships more clear (Figure 7) . The actual spatial and temporal location of the threshold between net N transformation process domains is expected to vary between representative HZ units given their exact combination of hydrologic and upgradient biogeochemical and substrate characteristics. Further, this threshold is likely to vary in time with daily and seasonal changes in hydraulic, temperature, and water chemistry conditions. Ultimately, relating hyporheic denitrification controls to residence times will help to upscale denitrification measurements to stream reach and network scales in a way that is linked quantitatively to transient storage.
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